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PHYSICS OF REACTOR SAFETY 

Quarterly Report 
January—March 1976 

I. ABSTRACT 

This quarterly progress report summarizes work done in Argonne 
National Laboratory's Applied Physics Division for the Division of 
Reactor Safety Research of the U.S. Nuclear Regulatory Commission 
during the months of January-March 1976. It includes reports on 
reactor safety research and technical coordination of the RSR 
safety analysis program by members of the Reactor Safety Appraisals 
Group, Monte Carlo analysis of safety-related critical assembly 
experiments by members of the Theoretical Fast Reactor Physics 
Group, and planning of DEMO safety-related critical experiments 
by members of the Zero Power Reactor (ZPR) Planning and Experi­
ments Group. 

TECHNICAL COORDINATION - FAST REACTOR 
SAFETY ANALYSIS 

(A2015) 

II. SUMMARY 

Studies of double-ended pipe rupture accidents with scram have been 
made for the CRBR using the DEMO code. It was found that coolant boiling 
will occur in the DEMO model "hot" channel, which Includes engineering 
hot-channel factors, about 1.4 seconds after a double-ended rupture of the 
inlet nozzle. The coolant flow through the core falls to 35 to 40% of the 
original value in 0.2 seconds in this case. As the rupture moves away from 
the inlet nozzle the flow reduction quickly decreases and boiling condi­
tions no longer occur. Comparison with SAS3A calculations for the same 
flow reduction and scram reactivity insertion rate indicate that DEMO is 
giving maximum coolant temperatures about 40°C higher than those from 
SAS3A. Parametric studies have been made with SAS3A of the effect of pin 
peak power density, initial coolant flow rate, and fuel-clad gap conduc­
tance on the maximum coolant temperature attained, with boiling assumed 
suppressed, for a double-ended rupture at the inlet nozzle. 

It was determined that 14 cycles would be needed to attain complete 
equilibrium cycle conditions in the CRBR, corresponding to a number of 
years of operation, so that some consideration of the behavior of reactivity 
coefficients and power distribution during the approach to equilibrium con­
ditions seems appropriate. Improved calculations of power distribution and 
reactivity coefficients have been made for the beglnnlng-of-equilibrium 
cycle case in the CRBR. In these calculations stagewise burnt up fuel 
compositions rather than stage-homogenizing compositions were used. An 



R-Z model was used for reactivity coefficient calculations and a 2D tr 
angular mesh model was used for power distribution calculations. Core 

/ ^*y lower 
assembly power factors were found to range from 3.2% higher to ^'DA 
than the values reported in the CRBR PSAR. There is considerable sens 
tivlty of the power distribution in the outer part of the core to ^®®"f^ 
tions about fuel management and composition regions in the radial ^ 
and there appears to be some inconsistency between WARD and us in t 
spect. Large skewing of the axial power distribution was found to occur 
from partially-inserted control rods, using an R-Z model. 

Reactivity coefficients and power distribution calculations have been 
made for the end-of-equilibrium cycle for the CRBR using stage-and-height-
dependent compositions. Values of the Doppler constant Tdk/dT were found 
to decrease with increasing temperatures, and were slightly lower than 
values obtained by the CRBR project for somewhat different temperature 
assumptions. 

Streaming effects in the sodium void effect in the inner core of the 
CRBR were evaluated by using directional diffusion coefficients calculated 
by Benoist's theory. The positive effect was reduced by only 7% from the 
increase in leakage component, indicating that the streaming effect is 
small in the CRBR pin geometry. 

The EPIC fuel-coolant Interaction code is operational and yields stable 
results for an unvoided channel and a clad rip only one node long. Work 
is not yet complete for handling a partially voided channel and multiple 
cell rips. Comparison with the PLUTOl code showed that velocities in the 
fuel pin cavity next to the clad failure node are about twice as high as 
PLUTO's during the first 5-10 multi-seconds of the transient and the mass 
of fuel ejected from the pin into the channel in EPIC is about 25% higher 
than that in PLUTO in this time period. The velocities of the liquid sodium 
slugs in the coolant channel are 60-70% higher In EPIC than in PLUTO, al­
most all of the first two differences can be explained by the different 
numerical techniques used in the two codes for the hydrodynamics in the 
fuel pin. In PLUTO it was necessary to Introduce an artificial viscosity 
to stabilize the solution, a strategy not necessary in EPIC, and this 
was found to have a considerable effect on the results. Use of the EPIC 
numerical techniques in PLUTO largely eliminated the first two differences 
mentioned. The differences in coolant liquid slug velocities are apparently 
caused by different numerical models in the coolant channel. Use of cell-
edge velocities (a better technique, used in EPIC) instead of the cell-
centered velocities used in PLUTO eliminated about half the discrepancy. 

The approximate incompressible region treatment developed for boiling 
fuel/steel pools appears to be stable and to converge well, and allows the 
effect of a local pressure pulse to be followed much farther than was pre­
viously possible. However, this technique appears to cause a loss of 
kinetic energy from the fluid. To what extent this effect corresponds to 
physical reality is not yet clear. Uncertainty in this point is hindering 
the assessment of the effect of fuel-steel heat transfer on disassembly 
work energy. 



Assistance has been given to NRC in defining the format and schedule 
for a meeting of RSR principal investigators to be held in April. 

A recent interesting development in critical experiment interpretation 
is the discovery that C/E ratios for off-center sodium voiding experiments 
in ZPPR 5 are much more consistent if directional diffusion coefficients 
based on Benoist's theory are used. Streaming appears to Increase the 
leakage component by 40 to 50%, and C/E is fairly consistently equal to 
1.2 for the radially dependent sodium-voiding measurements, consistent 
with an error in the conversion from inhours to %k. Reexamination of 
the FTR-EMC sodium voiding measurements indicates that they, too, can be 
satisfactorily interpreted by a streaming correction of 40% to 50% in the 
leakage component and a consistent C/E of about 1.2. This suggests that 
no bias should be applied to FTR sodium voiding calculations to force 
agreement with the experiments. 

A meeting was held at Argonne on April 5th and 6th to attempt to 
achieve a consensus that recriticality is no longer a live issue for LMFBR's, 
but this goal was not attained. A key uncertainty is whether or not a 
stable crust of frozen fuel will form at the bottom and sides of a boiling 
fuel/steel pool. Such a crust would inhibit heat transfer and allowing the 
pool to stay boiled up at decay power, making collapse of the pool and re­
criticality difficult. There is a great lack of experimental information 
dealing with this question and with others such as the transition of a 
melting core to a boiling pool, the behavior of boiling pools with two 
materials, basic material size and distribution functions, and potential 
modes of recompaction. This lack of Information hampers modeling efforts 
in the area of recriticality. Although the potential for an energetic re­
criticality seems small, it is difficult to demonstrate this conclusively 
at present. 

III. STUDY OF BASIC PROBLEMS IN ACCIDENT ANALYSIS 

A. Initiating Condition Variations 

1. Pipe Rupture Studies for the CRBR Using DEMO and SAS 
(H. H. Hummel and Kalimullah) 

Double-ended pipe rupture (in one of the 3 loops) calculations 
have been carried out for the Clinch River Breeder Reactor^ with the DEMO 
code^ for varying break locations and scram times. Flow through the core 
following a break at the core inlet coolant nozzle falls in about 0.2 sec 
to between 0.35 and 0.40 of the original flow (Fig. 1). Trip on 
flux//inlet plenum pressure occurs at 0.633 sec. Because of pump trip, 
after about 2.5 sec the flow coasts down to pony motor speed (0.1 of nor­
mal) in about 10 seconds. Pressure in the inlet plenum is sustained in 
the first 0.2 sec largely by the Inertial head of fluid being accelerated 
out of the break. After this time the friction head of this fluid is the 
dominant terra. 
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Fig. 1. Flow Reduction, Power, and Maximum Coolant Temperature as 
a Function of Time for a Double-Ended Pipe Rupture of the 
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As shown in Fig. 1, the coolant temperature in the core goes through a 
maximum in 1.2 to 1.4 seconds following a break at the inlet nozzle, assuming 
that boiling conditions have not been attained or that boiling is suppressed. 
The reactor guard vessel is irrelevant to the question of boiling because 
liquid sodium does not even cover the pipe opening until about 5 seconds 
after the break occurs. Boiling does occur in the DEMO model "hot" channel^ 
(with engineering hot channel factors of 1.58 for power and 1.17 for flow 
compared to an average channel) for a break at the inlet nozzle, but not in 
the "peak" channel, which includes nuclear design peaking factors. The hot 
channel factors for power and flow for the peak channel were 1.36 and 1.06 
respectively. The factors used in this calculation were those assumed in 
the DEMO code sample problem and do not necessarily agree with those in the 
CRBR PSAR.l 

As the rupture moves away from the inlet nozzle the rate of flow decay 
in the first seconds after a break is greatly retarded because of the larger 
inertial head associated with the greater length of fluid. For a break half­
way between the inlet nozzle and the IHX the inertial head remains signifi­
cant for about 1.5 seconds after the break. There is also a static head 
because of elevation of the pipe at this point. Flow through the reactor 
vessel falls to about 0.4 of the original value In 2.5 seconds and to 0.25 
of the original value in 8 seconds. Boiling in the DEMO hot channel does 
not occur under these conditions. 

In order to obtain more detailed temperature calculations in the 
reactor core than are provided by the DEMO code, flow reduction and scram 
reactivity insertion rates from DEMO for rupture at the inlet nozzle were 
inserted into the SAS 3A code. It was concluded that for consistent assump­
tions maximum coolant temperatures calculated by SAS were about 40°C less 
than those calculated by DEMO. Balancing this is the fact that the fuel-
clad gap conductance assumed for the DEMO hot channel was about 0.6 
watts/cm^-C°, which may be somewhat optimistic. A reasonable lower limit 
is about 0.3 watts/cm^-C°, which corresponds to an increase in maximum 
coolant temperature of 30°C to 50°C (assuming that boiling is suppressed 
if it would otherwise occur). Another result of parametric studies (Fig. 2) 
is that an Increase of 16% in maximum pin power density from 11.09 kw/ft, 
the peak channel value, to 12.88 kw/ft, the hot channel value, increases 
the maximum coolant temperature by 80°C to 90°C. A 16% decrease in initial 
coolant flow rate increases the maximum coolant temperature by 50°C to 60°C. 
An earlier protective system trip at 0.198 sec Instead of 0.633 sec reduces 
the maximum coolant temperature by 40°C to 50°C. 

The SAS calculations indicate that for a rupture at the inlet nozzel 
and trip at 0.633 sec the boiling temperature, 950°C at the existing coolant 
pressure, is exceeded for the DEMO model hot channel with a gap conductance 
of 0.6 watts/cm2-C° by about 30°C, with boiling assumed suppressed. This 
indicates that to prevent boiling either the power density would have to 
be lowered by at least 6% or the coolant flow rate would have to be in­
creased by at least 8%. Maintaining the coolant flow rate for about 3 
seconds after the rupture at 40 to 45% of the initial value followed by 
a gradual decrease should prevent boiling in the hot channel. For a gap 
conductance of 0.3 watts/cm2-°C the power density would have to be lowered 
by about 13% or the flow rate increased by about 20%. 
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2. Power Distribution in the Clinch River Breeder Reactor (CRBR) 
at the Beginning of Equilibrium Cycle (BOEC) (Kalimullah and 
H. H. Hummel) 

The present calculations of power and reactivity distributions 
are improved over those reported in Ref. 3 in that stagewise burnup fuel 
composition rather than the stage-homogenized compositions were used. For 
burnup and reactivity coefficients this was accomplished in R-Z geometry 
by using adjacent annular regions for the separate stages; for power distri­
bution the actioal subassembly layout was used in a 2 D triangular mesh 
geometry. The effect of partially inserted control rods in skewing the 
axial distribution of power and reactivity coefficients has also been 
studied. 

An analysis has been made of the approach to the equilibrium cycle using 
the core and radial blanket fuel management for the initial cycles indicated 
in the CRBR PSAR, Fig. 4.3-3, and described in some detail in Ref. 4. It 
was found that cycle 8 is the earliest that appears to have subassembly burn-
ups corresponding to the equilibrium cycle and that cycle 11 is the earliest 
for which complete equilibrium cycle fluxes and compositions would be 
achieved in the core, which has a 3-cycle residence time. For the radial 
blanket, which has a 6-cycle residence time, complete equilibrium would 
not be achieved until cycle 14. The present calculation of power and 
reactivity coefficient distribution have been based on composition for the 
beginning of cycle 14. The first cycle is 128 days, the second 200 days, 
and the third and succeeding are 274 days. It thus appears that it will 
be a number of years before equilibrium cycle conditions are achieved, if 
they ever are, because a different core may be installed after a few years. 
Some consideration thus needs to be given to the behavior of reactivity 
coefficients and power distribution during the approach to equilibrium 
cycle, although the safety significance of these changes may not be very 
large. 

In the R-Z model burnup and reactivity-coefficient calculations, four 
equal-height axial segments were used over the core half-height and two 
equal segments were used for the axial blanket. F̂or the 2 D triangular 
mesh calculations the core axial segments were homogenized. Cross sections 
were generated in 27 groups for four regions (inner core, outer core, radial 
blanket, and reflector) for various temperatures and with sodium both present 
and voided, using ENDF/B-III data in the MC^-2 codes.^>^ 

In the 2 D triangular mesh calculations the Bî C volume fractions of 
the control rods (natural enrichment for the central rod and 50% for the 
others) have been reduced from the actual values to account for their 
partial insertion (2/3 for the central rod and the six rods at the flats 
of run 7 (bank 2), 1/3 for the six rods at the corner of run 7 (bank 3)). 
Relative worths for the various rod banks were calculated for the fully-
inserted rod in the extrapolated base height triangular mesh model, and 
the fraction of this worth for the partially-Inserted rod was calculated 
from this using a chopped-cosine flux and adjoint weighting. The total 
worth of all three banks was set at -5.88%k, needed to make the system 
critical at the beginning of cycle 14. A concentration search was thus 
conducted for each rod bank to find the Bî C volume fraction that would 



give this fractional worth. Volume fractions of Bi+C arrived at in this 
way were 0.1888, 0.1649, and 0.0425 respectively for the central rod, bamc ^ 
2, and bank 3, compared to an actual volume fraction of 0.3390. The co 
ponding bank worths were -0.636, -4.093, and -1.152%k respectively. J^^^ 
adjusted Bî C volume fractions are reduced more than would be expected rom 
the partial insertion of the rods because of the reduced spatial self-
shielding at the lower concentrations. 

Core subassembly power factors calculated with the 2 D triangular mesh 
model with B^C concentrations obtained in this way range from 3.2% higher 
to 4.5% lower than the values reported in the PSAR^, Fig. 4.3-7, most of 
the larger differences being in the outer core subassemblies. Total radial 
blanket power has been found to be 57.6 MW (59.0 MW from the 2-D R-Z calcu­
lation described below) compared to 76.1 MW reported in the PSAR Table 
4.3-7. These differences are due to (a) the inaccuracies in the present 
radial blanket burnt fuel compositions arising from the use of only one 
region In the radial direction in the R-Z model used for burnup calculation 
and (b) the use of an incorrect radial blanket subassembly-burnup pattern^ 
(different from any of the six patterns it takes during its equilibrium 
operation) for the calculation the power factors reported in the PSAR 
Fig. 4.3-7. The power factors of core subassemblies are fairly sensitive 
to the detailed composition of the radial blanket. If the detailed stage-
wise burnup compositions used in the present calculations in the radial 
blanket were homogenized and used in all the blanket subassemblies, the 
radial blanket power would Increase to about 72.0 MW, the power factors 
of subassemblies in row 2 of the inner core would decrease by about 4%, and 
those of outer core subassemblies Increase by a few percent. The reason is 
that the fissile isotope content of the newer radial blanket subassemblies 
adjacent to the outer core is considerably lower than that of the older sub­
assemblies in the outer rows of the blanket. Homogenizatlon of these sub­
assemblies is equivalent to moving fissile Isotopes radially inwards, and 
this tilts the overall radial shape of the neutron flux (and hence power) 
such that it Increases at larger core radii and decreases at smaller radii 
(as if a bank of absorber rods were withdrawn at the core-blanket Inter­
face) . 

In order to calculate the axial distribution of power a fairly detailed 
full-height R-Z model of the Clinch River Breeder Reactor (CRBR) was con­
structed for the beginning of cycle 14. The core subassemblies were repre­
sented by 25 annull, the radial blanket subassemblies by 3 and the control 
banks 2 and 3 were split respectively into 2 and 3 annull such that the 
model maintains as far as practicable (a) the radial distances of subassem­
blies from the reactor axis, (b) the relative locations of fuel subassemblies 
of varying burnups, and (c) the relative location of fuel and control sub­
assemblies. The axial variation of fuel composition in the burnt core and 
radial blanket subassemblies (determined for six axial segments over the 
half height of the reactor as described above) was taken into account in 
the model except that the compositions for the two segments nearest to the 
core mldplane were homogenized. For these two compositions, the maximum 
difference between 2 39py atom densities was about 1.2% for various core 
subassemblies (5.5% for various radial blanket subassemblies), the maximum 
difference between ^SSy atom densities about 0.7% for the core (0.5% for 
radial blanket), and the maximum difference between atom densities of 



fission products was about 6% for the core (13% for radial blanket). The 
axial and radial reflectors were of neutronlcally infinite thicknesses in 
the model. The central control rod (bank 1) and the six rods of bank 2 were 
inserted two-thirds and the six rods of bank 3 one-third into the core, 
some portion of the absorber rods extending into the upper axial reflector. 
The volume fractions of Bî C for each of the three control banks were ad­
justed to the normalized worths discussed above, i.e., 0.636, 4.093 and 
1.152% Ak, by carrying out a separate concentration search for each con­
trol bank using R-Z diffusion theory. The volume fractions of natural B̂ C 
for the central rod and 50% enriched B^C for control banks 2 and 3 were 
found to be 0.2501, 0.1621 and 0.1243 compared to the actual volume frac­
tion of 0.3390. These adjusted volume fractions of Bî C are lower than the 
actual value mainly because of (a) the reduction in spatial self-shielding 
arising from modeling discrete subassemblies into annull, (b) the over-
estimation of central rod worths by R-Z geometry diffusion theory calcu­
lation^ (the volume fraction of 0.3390 was based on transport theory). 

Using these adjusted Bî C volume fractions the flux and power distri­
bution in the critical reactor was calculated for the beginning of cycle 14. 
The maximum (in row 7 subassemblies) and the minimum (in row 2 subassemblies) 
axial power shape skewness [(power density at core bottom)/(power density at 
core top) minus l] are about 75% and 27%, compared to 20% subassembly-inde-
pendent skewness reported in the PSAR Fig. 4.3-9. The skewness adjacent 
to the central control rod is nearly 46%. The region wise total powers are 
found to 

Inner core = 508.5 MW, 
Outer core = 376.0 MW, 
Lower axial blanket = 19. 4 MW, 
Upper axial blanket = 11.8 MW, 
Radial blanket = 59.0 MW, 

3. Reactivity Calculations for the CRBR at End-of-Equilibrium-Cycle 
(EOEC) for SAS-3A Analysis (P. H. Kler) 

Reactivity coefficients were computed for EOEC conditions using 
the full reactor, R-Z model and the 27-group cross section set based on 
ENDF/B-III data burnup calculations were run to obtain stage-and-helght-
dependent compositions. In the core these stage-and-helght-dependent com­
positions were used while in the radial blanket compositions were stage-
homogenized and height-dependent. Diffusion theory calculations were run to 
obtain real and adjoint flux distributions for six cases: the system at 
HOOK, 2200K, and 4400K with sodium in and with sodium voided from all 
regions except the control rod channels and the reflector. These fluxes 
were used in first-order perturbation theory computations of the distribution 
of the sodium void worth, the Doppler coefficient, the steel reactivity 
worth and the core fuel worth. Also, the power distribution was computed. 
These distributions were processed into a format suitable for input to 
SAS-3A. 

The results of these computations are summarized in Tables I and II. 
The steel worths and core fuel worths were computed for all six cases to 
provide information on the sensitivity of these quantities to temperature 



Table I. Steel Worth, Fuel Worth, Power, and Sodium Void by Region 

Q u a n t i t y 

S t e e l Worth 
Ak/k X 103 

Fue l Worth 
Ak/k X 10 3 

Power, MW 

Sodium Void 
Ak/k X 103 

F lu 
Sodium 

i n 

i n 

I n 

v o i d 

v o i d 

v o i d 

i n 

i n 

In 

v o i d 

v o i d 

v o i d 

In 

I n 

xes 
Temp.°K 

1100 

2200 

4400 

1100 

2200 

4400 

1100 

2200 

4400 

1100 

2200 

4400 

1100 

1100 

Cros s 
S e c t i o n s 

a t 

1100 

2200 

2200 

1100 

2200 

2200 

1100 

2200 

2200 

1100 

2200 

2200 

1100 

1100 

I n n e r 
Core 

- 4 2 . 4 5 

- 4 3 . 0 5 

- 4 3 . 6 9 

- 4 0 . 8 4 

- 4 0 . 8 6 

- 4 1 . 5 1 

196 .95 

198.96 

203.39 

209 .82 

211 .14 

213.89 

4 6 5 . 8 

1 4 . 8 3 

Outer 
Core 

- 6 . 2 3 

- 6 . 3 5 

- 6 . 4 9 

- 3 . 7 0 

- 3 . 7 6 

- 3 . 8 9 

160 .54 

162 .04 

164 .40 

169 .10 

169 .98 

171 .35 

365 .8 

0 . 1 5 

Lower 
A x i a l 

B l anke t 

1.71 

1.71 

1.69 

3 .22 

3.12 

3.05 

25 .88 

25 .73 

25 .84 

32 .48 

3 2 . 3 3 

32 .36 

26 .7 

- 0 . 8 6 

Upper 
A x i a l 

B l anke t 

2 .43 

2 .40 

2.36 

3.95 

3.84 

3.78 

20.45 

20.46 

20.59 

26.34 

26.34 

2 6 . 4 1 

20 .2 

- 0 . 8 7 

R a d i a l 
B l a n k e t 

3 .05 

3 . 0 1 

2 .98 

4 . 0 1 

3.89 

3.82 

96 .5 

- 1 . 1 8 

T o t a l 

- 4 1 . 4 9 

- 4 2 , 2 8 

- 4 3 . 1 5 

- 3 3 . 3 7 

- 3 3 . 8 0 

- 3 4 . 7 4 

403 .83 

4 0 7 . 2 1 

414.22 

437 .74 

439.79 

444 .01 

975 

12.07 

O 



Case 

1 

2 

3 

4 

5 

6 

7 

8 

Flux 
Sodium 

i n 

i n 

i n 

i n 

voided 

voided 

voided 

voided 

Temp. 

1100 

2200 

4400 

•k 

1100 

2200 

4400 

** 

Table I I . D 

Cross Sec t ion 
change,°K 

1100 -> 2200 

2200 ^ 4400 

2200 -V 4400 

2200 -> 4400 

1100 ^ 2200 

2200 ^ 4400 

2200 -> 4400 

2200 -̂  4400 

oppler Coel 

Inner 
Core 

39.52 

36.60 

34.02 

35.31 

24.97 

22.20 

20.77 

21.48 

: f i c i e n t 

Outer 
Core 

13.12 

11.86 

11.01 

11.43 

8.32 

7.22 

6.73 

6.97 

a = ^^ X J 

Lower 
Axial 

Blanket 

6.81 

6.52 

5.55 

6.03 

5.47 

5.06 

4.34 

4.70 

LÛ  

Upper 
Axial 

Blanket 

3.18 

3.04 

2.68 

2.86 

2.53 

2.32 

2.07 

2.19 

Radia l 
Blanket 

12.46 

11.24 

9.50 

10.37 

10.96 

9.65 

8.25 

8.95 

Tota l 

75.09 

69.26 

62.76 

66.00 

52.25 

46.45 

42.16 

44.29 

** 

average of cases 3 and 4 

average of cases 6 and 7 
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, f,oi-e fuel 
and the absence of sodium. It is seen that the steel worths and c ^̂ ^̂ ^̂ j-g 
worths are relatively Insensitive to temperature. The steel wort ^^ ^^^ 
a significant dependence upon the presence of sodium. The ^^'^^^^ when 
negativity can be explained in terms of the harder neutron spectr ^^^^^^^ 
sodium is voided. Hardening of the neutron spectrum augments *^"^^^^^ theory 
leakage term relative to the negative capture term in the V^^^^^ ^^^ 
formulation of T-eactivi<-y. In the inner core, where flux gradien 
smaller than in other regions the increase in the leakage term is 
pronounced so that the change in steel worth with sodium voiding is ":^ 
tively smaller. The hardened neutron spectrum in the sodium ''°]ffj^.^.ll'; 
causes an Increase In the core fuel worth by augmenting the Positive fission 
source term relative to the negative absorption term. However, this effect 
is mitigated by the reduction In microscopic cross sections of the fertile 
and fissile nuclides from Increased shielding when sodium is absent. 

Table II gives the Doppler coefficient for eight cases. The Doppler 
decreases with increasing temperature and sodium voiding from the spectrum 
hardening out of the energy range where capture cross sections increase 
with temperature. It also decreases with temperature because the capture 
cross section change per unit temperature change decreases with increasing 
temperature. The results of these calculations indicate that the Doppler 
effect decreases more rapidly with temperature than an inverse temperature 
dependence would predict. 

When we take the average of the Doppler coefficient computed with 
cross section changes from 2200 to 4400 K with fluxes computed for 2200 K 
and with fluxes computed for 4400 K, cases 4 and 8, there results a Doppler 
coefficient for the ten channels that are input to SAS-3A 7% lower than that 
obtained using a computed temperature distribution in the reactor and a 
uniform Increase in temperature of 1000 K above that base temperature dis­
tribution^. 

4. Effect of Streaming on the Sodium Void Worth in the Inner Core of 
the CRBR at Beginning-of-Life (BOL) (P. H. Kler) 

An exploratory set of calculations was performed to assess the 
Importance of neutron streaming along voided sodium channels on the reac­
tivity worth of sodium. Three R-Z, half-reactor diffusion theory calcula­
tions of eigenvalue were run. In one calculation sodium was present in all 
regions of the reactor; in the other two calculations sodium was voided from 
the inner core. In one of the voided calculations, the group diffusion 
coefficients for the inner core were based on the usual assumption of a 
homogenized cell. The other voided calculations used directional diffusion 
coefficients computed according to Benoist's formulation^" by a Monte Carlo 
code^^ that treats a two-region circularized cell in which the fuel pin and 
clad are homogenized together and in which the coolant annulus is empty. 
The result of the calculations was that the Increase in the multiplication 
constant resulting from removal of sodium from the Inner core was reduced 
by 7% when streaming effects were included when computing the diffusion 
coefficients for the sodium-voided region. Although this study is not defi­
nitive. It Indicates that the neglect of streaming is not an overwhelmine 
source of systematic error in our calculation of the sodium void effect 
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5. Calculation of Subassembly Power Factors for the CRBR at End of 
Equilibrium Cycle (EOEC) (P. H. Kier) 

Triangular mesh 2-D diffusion calculations were run to obtain sub­
assembly power factors for the CRBR at the end of six successive equllibrlimi 
cycles, Cycles 8 through 13. The power factor Is defined as the ratio of 
the average power in the subassembly to the average power in the zone where 
the zone is either the core or the radial blanket. Each subassembly in the 
core and the radial blanket was assigned the appropriate axially-averaged, 
stage-dependent composition. Cycles 8 and 11, cycles 9 and 12, and cycles 
10 and 13 had identical composition-assembly assignments in the core but 
different assignments in the radial blanket. The power factors in the core 
were found to be generally Insensitive to the compositlon-subassembly 
assignments in the radial blanket. For a configuration that simulated 
that given in the PSAR^ significant differences in power factors were ob­
tained in the outer row of the core and the radial blanket with these cal­
culations yielding smaller power factors in the outer row of the core and 
a smaller power generation in the radial blanket. We are attempting to 
determine the source of the discrepancy. We suspect that we have under­
estimated the burnup of fuel in the radial blanket that has been exposed 
less than six cycles by treating the radial blanket as one region radially 
in the burnup calculations. These calculations are being rerun with the 
radial blanket divided into six radial regions to better represent burnup 
there. 

B. Model Studies 

1. Development of EPIC Fuel-Coolant-Interaction Computer Code 
(P. A. Pizzica and P. B. Abramson) 

The EPIC (Eulerlan-Partlcle-In-Cell) fuel-coolant interaction 
computer code is operational and the calculation is stable for the case of 
an unvoided channel and a pin failure only one Eulerian node long. Both 
the cases of ejecting fuel into a partially voided channel and of ejecting 
through a failure more than one Eulerian node long are stable out to a few 
milliseconds before encountering difficulties (no major effort has yet 
been expended on these areas). 

The particle-ln-cell technique used for tracking the fuel particles 
in the channel is working well. This allows a detailed picture of fuel 
motion in the channel at the cost of much computer time (which is a function 
of the number of particles tracked). The technique is as follows: The 
pressure equilibration model for ejection of fuel^^ from the molten fuel 
cavity in the fuel pin determines how much fuel must be ejected from the 
pin into the channel in order to make the pressure equal in the ejecting 
pin node and in the channel node in front of the rupture. The user in­
puts approximately how much mass of fuel constitutes one fuel marker 
"particle" by specifying the number of actual fuel particles (i.e. the 
particle size used in the heat transfer and drag calculations) per master 
particle (actually a group of fuel particles). The total mass ejected is 
thus divided into a number of marker particles. The mass of each group 
is accounted for exactly. Each particle is placed at a random location 
in front of the rupture and is assigned a zero velocity. A drag on the 
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particle from the medium and a pressure gradient across the medium whlc 
accelerates the particles are then calculated. In this manner, the mas , 
velocity and location of each marker particle is tracked. 

In order to model compressibility effects in the liquid slugs above 
and below the interaction zone in the coolant channel, an approximation 
to a correct compressible treatment was made. This consists of calculating 
an effective displacement of the slug at the interface with the interaction 
zone caused by the interaction zone pressure acting against the slug and 
compressing it. This phenomenon can have a significant effect on the inter 
action zone pressure for the case of ejection into an unvoided channel during 
the first 1-2 msec. A comparison was made with PLUTOll^ ̂ hlch uses a ri­
gorous compressible treatment for its liquid slugs. The preliminary con­
clusion is that the approximation used in EPIC somewhat overpredicts the 
compression of the slugs, although its inclusion gave much better agree­
ment with PLUTOl. 

Considerable time was spent comparing EPIC with PLUTOl for a TOP 
test case. EPIC's velocities in the fuel pin cavity next to the failure 
node are about twice as high as PLUTO's during the first 5-10 msec of the 
transient and the mass of fuel ejected from the pin into the channel in 
EPIC is about 25% higher than that in PLUTO. Although EPIC's equilibrated 
pressure at the failure location is lower than PLUTO's during the first 0.5 
msec, it is consistently higher until about 6 msec, after which there is 
fair agreement. The velocities of the liquid sodium slugs in the channel 
are 60-70% higher in EPIC than in PLUTO. 

Almost all of the difference between EPIC and PLUTOl in mass of fuel 
ejected and in the velocities of the fuel froth in the molten fuel cavity can 
be explained by the different numerical techniques used in the two codes 
for the hydrodynamics in the fuel pin. Although both techniques use 
Eulerian cells, PLUTOl uses a full cell-centered calculation. EPIC uses 
a cell-edge velocity calculation with cell-centered pressures and densities. 

Cell-centered schemes are numerically unstable and in PLUTO stability 
was achieved by the introduction of an artificial viscosity term. Since 
a cell-centered scheme uses a pressure gradient across cells N+1 and N-1 
in order to calculate an acceleration at cell N, the effect of local high 
pressure gradients such as occur near a pin rupture is mitigated. Also 
mitigating the effect of sizeable pressure gradients near the rupture is 
the artificial viscosity term which can dominate the real physical effects. 
It was seen in the example case used to compare with EPIC that the artificial 
viscosity term became so large on occasion that it was larger than the 
pressure gradient term in the momentum equation, causing a negative change 
in velocity near the failure node when there was a positive pressure gradient 
of tens of atmospheres. 

In order to eliminate such spurious effects, we adjusted the artificial 
viscosity term to zero in PLUTOl. This produced such instabilities that 
the calculation was no longer meaningful. Our next step was to adjust the 
magnitude of the artificial viscosity term to be no larger than a certain 
fraction of the pressure gradient term. When the artificial viscosity 
term was reduced as much as it could be without causing instabilities in 
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the calculation, PLUTO agreed much better with EPIC. There still was 
significant disagreement however. Therefore, it was thought that the only 
way to actually compare the two codes was to put a cell-edge velocity cal­
culation into PLUTO so that its pin model would be substantially the same 
as EPIC'S. When this was done, there was very close agreement in the mass 
of fuel ejected from the pin and in the fuel velocities inside the pin. 
In fact, after 10 msec, Instead of EPIC's mass of fuel in the channel 
being 25% higher than PLUTO's the two masses were exactly the same, although 
they differed at points along the way by as much as 10-12%. The fuel 
velocities within the pin were also in agreement to within 10-15%. 

We believe that the differences remaining between PLUTO and EPIC are 
caused by the different models in the coolant channel. After changing to 
a cell-edge velocity scheme in PLUTO, the liquid sodium slug velocities in 
PLUTO increased by 30%, explaining half the difference with EPIC. The 
pressures calculated by PLUTO at the failure node were much closer to EPIC's 
after this change was made but were still considerably lower on average over 
the first 6-8 msec. 

PLUTO's liquid slugs are driven by a consistently lower pressure than 
in EPIC partly because of the way that the Lagrangian cells in the channel 
are cut to form new cells. During the first 2 msec, there is fairly good 
agreement between PLUTO and EPIC in both liquid slug velocities and the 
equilibrated pressure in front of the rupture in the channel, although EPIC 
seems to have somewhat lower pressures during the first msec because of the 
overcompensation inherent in the approximate compressible treatment. This 
pressure is what drives the slugs. From 2-6 msec, however, PLUTO's pressures 
are substantially lower in front of the rupture and quite a bit lower still 
between the node in front of the rupture and the liquid slug. The latter 
effect is caused by cutting the expanding Lagrangian cell in front of the 
rupture when it gets too large. At this point, not enough fuel and fission 
gas has moved into the extremities of the original cell to pressurize the ends 
to the same extent as the center is and consequently there is a substantial 
pressure drop from the cell in front of the rupture to the smaller cells 
adjacent to the middle cell, and the pressure of the smaller, less 
pressurized cells is what drives the slugs. 

In EPIC, materials in the coolant channel are homogenized for the 
purposes of the pressure equilibration over the length that the particles 
have penetrated up to a maximum of one Eulerian cell away from the failure 
cell. Thus during the first 5-6 msec the liquid slug is not "insulated" 
from the effect of the rupture node pressure by smaller, less pressurized 
cells as in PLUTO. Therefore the liquid slugs in EPIC are driven by a 
significantly higher pressure than PLUTO. 

The reader should bear in mind the several parameters in PLUTOl were 
adjusted to fit experimental data and that adjustment will need to be redone 
for EPIC because of the numerical calculational differences. 

2. Recriticality Studies (P. B. Abramson) 

In order to be able to examine the influence of local surface 
pressure pulses on the behavior of boiling fuel/steel pools, it was found 
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that rather major development efforts in the hydrodynamic portions of pool 
were necessary. These modifications are necessitated by the fact that 
continuing local pressures in a compressible fluid cause the fluid to pile 
up on the boundaries of the pressurized region, forming incompressible 
regions. To adequately describe these motions, POOL was modified to use 
fully the Particle In Cell (PIC) technique of Evans and Harlow^'* as well 
as an Incompressible flow algorithm corresponding to zero vortlcity pre­
sented by Hirt, Nichols & Romero^^ and described in our previous quarterly 
report. 

We have found that this technique is stable and appears to converge 
well for the material motions we wish to follow, but that the incompressi­
ble algorithm appears to cause the loss of kinetic energy from the fluid. 
We postulate that this is due to the application and propagation of zero 
outflow conditions at the boundary of the incompressible region in combi­
nation with our ignoring pressure (density) waves in the Incompressible 
regions. The primary effects are two: 

a. We are able to follow the aspects of local pressurlzatlon in what 
appears to be a realistic fashion much farther than the old POOL 
algorithms would permit and far enough that we hope to be able to 
examine the neutronic behavior for recriticality under such condi­
tions. Figure 2.a. shows the particle distribution 3 milliseconds after 
applying a localized 10 atm over pressure in a ring at half the 
maximum radius (this distribution is indicative of the maximum 
displacement that we were realistically able to track in the motions 
with the old POOL algorithms because single phase regions have now be­
come locally significant). Figure 2.b. shows the influence of the same 
pressurlzatlon after 10 milliseconds. The material has moved in the 
manner shown because of the particular way in which this local pres­
sure was allowed to spread and indicates the degree of motion that 
may now be examined. It is important to recognize that the neutronic 
response to such local pressurlzatlon is singularly determined by 
how and what pressure is applied and that no mechanistic way exists 
for determining such pressurizations. 

b. The influence of the PIC treatment combined with our incompressible 
algorithms is to significantly reduce the fluid kinetic energy in single 
phase regions. This means that we may underestimate velocities and 
hence ramps. Since we have no vapor/liquid slip, this could be a 
compensating aspect on liquid motions; however, it may Incorrectly 
change fluid kinetic energy and hinder the use of this algorithm in 
assessing the importance of heat transfer on work energy through 
examination of fluid kinetic energy. 

More work needs to be done in this area before a numerical technique 
is settled on, and it may be that each class of problems needs its own 
particular one. 

3. Importance of Heat Transfer in Disassembly Work Energy Estimates 
(P. B. Abramson) 

We have found that the fluid kinetic energy may not be the most 
illustrative parameter to use in estimating the Importance of fuel to steel 
heat transfer in assessing work energy. Thus, we are currently in the 
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process of Incorporating a thermodynamic potential energy model identical to 
the one in use in VENUS, so that we can demonstrate variation in an already 
accepted descriptor of accidents. To date we have examined the importance 
of fuel/steel heat transfer out to 30 ms following a hypothetical $50/second 
HCDA in a 1000 MWe plant. For that scenario, heat transfer from fuel to 
steel can serve to reduce the fluid kinetic energy by up to a factor of five. 
For a zero heat transfer case, the fluid kinetic energy continues to grow 
while, for even very small fuel to steel heat transfer, we have found that 
fluid kinetic energy decreases within a few milliseconds after the prompt 
burst. This appears to be due to both the incompressible regions and to 
the sink of pressure source into the cold steel. 

IV. COORDINATION OF RSR SAFETY RESEARCH 

A copy of the KACHINA code was received from LASL. It will be con­
verted to the IBM 370 for possible incorporation into FX2-P00L. 

Copies of FX2P00L and FX2P00LVENS were given to BNL. D. Majumdar 
was informed on the uses of this code. It was suggested to him that develop­
ment of a more sophisticated (and realistic) treatment of the boundary heat 
transfer would be a worthwhile activity for BNL which would enhance the use­
fulness of FX2-P00L. 

The DEMO 3 code was received from BNL and will be converted to the 
IBM 370. 

P. Abramson attended an ACRS subcommittee meeting on SAREF on March 3rd 
and a meeting with DPM personnel and consultants on transition phase and 
SAS-FCI on March 19th. 

P. Abramson and H. Hummel attended a meeting on GCFR safety at ANL on 
March 9th. 

R. Curtis of NRC was assisted in defining the format and schedule for 
a meeting of RSR principal Investigators to be held in April. This meeting 
is to be a starting point for coordination of RSR code validation work. 

EVALUATION OF PROGRESS IN SAFETY RESEARCH 

A. Effect of Neutron Streaming in Analysis of Critical Experiment Sodium 
Void Effect Measurements (H. H. Hummel) 

A rather impressive Improvement in consistency of C/E ratios for sodium 
voiding experiments in ZPPR Assembly 5 has been found̂ "̂-̂ ^ by using direc­
tional diffusion coefficients calculated by Benoist's theory.^° C/E 
values with the corrections are still above unity, and are generally around 
1.2. The increase in the leakage component caused by streaming is quite 
large, amounting to 40 to 50%. The question naturally arises as to why 
this large an effect has not been more evident in the past. There have 
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been pin-plate comparisons which tended to be in rather clear agreement, 
suggesting that heterogeneity effects of any kind were not large. A re­
view of these measurements reveals the following: 

(1) There actually may have been a fair amount of streaming in the 
pin cells, which are on a square lattice and therefore have planar voids. 
Also, the pins are rather large (3/8 in. diameter) with a 1/4 in. space in 
between. Benoist multipliers have not yet been calculated for these cells. 
However, measurements in ZPPR-5 suggest that a correction to the leakage 
component of 30% might be In order, which would minimize observed pin-
plate differences. 

(2) Most of the comparisons have been done in ZPPR-2 in central zones 
of height ±30.1 cm, for which the leakage component is only 25 to 30% of 
the spectral and capture components, which would minimize streaming effects. 
Limited off-center experiments were done in ZPPR-2, but they have not been 
analyzed. 

(3) The pin-plate comparisons in ZPPR-5 do indicate the presence of 
streaming, but have not yet been analyzed from this point of view. 

Off-center measurements have been made in ZPPR-3, but their analysis 
has not been carried to the point when any conclusions can be drawn re­
lative to streaming. C/E values for the corrected calculations for ZPPR-3 
(done with ENDF/B-IV), mostly around 1.2, are consistent with the central 
worth discrepancy of fuel. This suggests that this discrepancy may be in 
the conversion from inhours to %k, although evaluations of delayed neutron 
data have not provided justification for this hypothesis. Experimental results 
for sodium void worth from the FTR-EMC^'' are also consistent with the 
hypothesis that all experimental results should be multiplied by a factor 
of about 1.2 in converting from Inhours to %k, and that a streaming cor­
rection of 1.4 to 1.5 should be applied to the calculated leakage component 
of the sodium void effect to match experimental results. In analysis of 
the measurements reported in HEDL-TME-74-31,^^ the central C/E is 1.23, 
but in the outer part of the core, when the leakage component is practically 
the whole effect, C/E = 0.83. However, if it is assumed that C/E should be 
1.23 throughout, this would be consistent with a streaming multiplier of 
1.48 for the leakage component. 

The most reasonable assumption for accident calculations seems to be 
not to make the bias adjustment to the calculations made in HEDL-TME-74-31, 
but to assume that the calculated values are correct, and that the discrep­
ancy with experiment is due to a combination of lh/%k conversion error and 
to a large streaming correction. 

B. Assessment of Potential for Recriticality (P. B. Abramson) 

There are currently three general areas of effort being made to assess 
the potential for an energetic recriticality. These are: 

1. Simple Phenomenologic Analyses 
2. Complex Computer Analyses 
3. Simulation Experiments 
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Each of these areas has its specific accomplishments and contributions 
as well as its faults. None has been able to prove that an energetic 
recriticality is Impossible, but neither has any suggested a specific 
mechanism which might cause such an event. While there appears to be 
a "gut" level feeling among most Investigators that the potential ener­
getics are small, few investigators are willing to state that highly 
energetic events are impossible. 

A meeting was convened at Argonne National Laboratory on April 5 
and 6 at the request of W. H. Hannum (ERDA) to discuss the state of 
knowledge regarding energetic recriticalities. Most of the following 
Information was presented at that meeting. 

1. Accident Scenarios Leading to Recriticalities 

A potential for secondary criticality was discussed for two very 
different times in the accident scenario. 

First, there is the potential for autocatalytic events such as an 
LOF-drlven TOP or recompaction from fuel motion. The potential currently 
exists or will exist in the near future (1 year or so) to mechanistically 
examine such energetics in a manner similar to the SAS analysis of accident 
initiation. Events that might take place when geometry is intact or 
nearly so are much more amenable to deterministic (mechanistic) analysis 
than those which occur late in the accident sequence. 

Second, and perhaps the more significant issue in the meeting was 
the potential for recriticality in a grossly disrupted geometry. Be­
cause of the largely unknown state of the system after accident initia­
tion, this area of study is open to speculation. Many investigators 
have pointed out the difficulty of mechanistic analysis when the state 
of the system is largely unknown. Furthermore, some Investigators, 
including those who prepared the CRBR PSAR, have felt it to be more 
effective to fall back from mechanistic analysis to simple phenomenology 
in the search for understanding. It is this second area where we shall 
concentrate this report. 

2. Phenomenology of Molten Fuel/Steel Pools 

A significant effort has been mounted in the Reactor Analysis 
and Safety Division to attempt to demonstrate that boiling fuel/steel 
mixtures are monotonically dispersive, self-regulating, and in general 
not susceptable to recompaction. However, there are other efforts 
(specifically at UCLA) which purport to refute some of the "evidence" 
gathered by the former. 

An investigation by Fauske, et al.,2^ at ANL has applied some .basic 
two-phase flow stability criteria to one-dimensional Internal heat 
generating pools to conclude that even for very low power levels, the 
fuel/steel mixture will be in the churn turbulent flow regime and will 
have roughly 50% void fraction due to the upward flux of steel vapor. 
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These same investigators have presented arguments based upon both 
simple membrane stability theory and basic thermodynamics that a boiling 
fuel/steel pool enclosed by a melting steel container will be encased in 
a stable thin fuel crust, which acts as a limiting mechanism for bound­
ary heat transfer out of the pool. 

Another investigation by Abramson22 at ANL was a simple thermodynamic 
analysis to develop basic regimes of stable behavior of such pools in 
terms of ratios of fuel mass to steel mass and fuel and steel temperature, 
based upon the total local vapor pressure as a dispersive source term. 

V. Dhir and I. Cat ton and their co-workers at UCLA have performed basic 
thermodynamic, hydrodynamic analyses and experiments which establish criteria 
for the formation of a water or benzene crust at the bottom of a liquid pool 
whose lower boundary is vapor generating CO2. They feel that these 
criteria may be extended to a fuel/steel system for which the major dif­
ference is that the solid (steel or CO2) is separated from the liquid 
(UO2 or H2O) by a liquid (steel) instead of a vapor (CO2) layer. While 
this extension remains to be either experimentally or analytically demon­
strated, the UCLA investigators have modified an analysis of film boiling 
heat transfer by Berenson^^ and report that an extension to the film 
melting of steel at its melting temperature, by UO2 at its melting temp­
erature would give a very large downward heat flux by the melting attack 
(on the order of 20-30% of full power). Furthermore, the Influence of 
the mixing caused by rising bubbles in the UCLA experiments described 
above has been so large that the pool temperature profile remains nearly 
uniform until crust formation begins. This has been interpreted by them 
as suggesting that even internal heat generation may not cause internal 
boiling at low power because of the good mixing. 

The major issue regarding the behavior of a fuel/steel pool is 
whether it remains dilute or can become fully dense. Fauske has main­
tained that internal heating causes enough internal vapor generation to 
cause the pool to be in a churn turbulent flow (dilute) regime and that 
a stable fuel crust on the boundaries of the pool regulates the boundary 
heat fluxes. Dhir and Catton have suggested that a fuel crust may not 
form and that, If it does not, the melting attack on the steel below 
could absorb significantly more power than is generated at decay heat. 
Furthermore, Dhir and Catton have suggested that the rising of steel 
droplets through a fully dense liquid fuel pool will create enough mixing 
to suppress internal boiling and cause all energy generated Internally 
to be removed at the boundaries, thus causing such a pool to remain in a 
bubbly flow (dense) state. 

This debate therefore suggests two families of experiments and some 
analysis: one set of experiments to determine the ability of rising 
drops/bubbles coupled with large downward heat transfer to suppress in­
ternal nucleatlon at low power microwave heating, and a second series of 
experiments, coupled to analysis, to determine the validity of extending 
the Berenson analysis of a liquld/vapor/solld system to a liquid/liquid/ 
solid system for heat transfer. In particular, this should Include experi­
ments with liquld/llquid/solid systems to determine crust formation and 
stability criteria as has been done for the liquld/vapor/solld system at 
UCLA. 
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3. Experimental Simulation of Boiling Fuel/Steel Pools 

To date, the experimental effort has concentrated on three general 
phenomena. 

a. The boiling of water by microwave heating, 
b. The boiling of salt water by direct current heating, 
c. Some recent attempts to examine simulant crust formation. 

In both the cases of salt water direct electrical heating and of the micro­
wave heating of pure water the experiments have concentrated upon corre­
lations for radial and axial boundary heat fluxes. All these experiments 
give good indication that the flow is churn turbulent and very disruptive. 

Recent experiments have been conducted at ANL which indicate the 
stable formation of a crust between freon and water, while recent 
experiments at UCLA indicate that criteria can be established which define 
the system state necessary to permit crust formation between solid CO2 
and water and between solid CO2 and benzene. Both experiments were at­
tempts to test the validity of the hypothesized crust formation between 
fuel and steel at the boundaries of a boiling pool. Each Investigator is 
convinced that his experiments accurately test that hypothesis. 

There have been no experiments which were directed at determining the 
behavior of boiling pools of two materials, nor have there been any efforts 
to determine internal energy fluxes or pressure profiles. 

4. Computer Modeling Efforts 

a. TRANSIT - is the first attempt to determine how an accident 
might lead to a molten core pool. It models the thermodynamic 
behavior of a melting core, following subassembly to subassembly 
propogation of melting, but does no hydrodynamic modeling. 

b. FX2-P00L - treats the motions of homogenized fuel steel 
mixtures in R-Z geometry assuming no slip, and parametrically 
treats heat transfer between fuel and steel both in the pool 
and at the boundaries. This is basically a parametric scoping 
tool. 

c. SIMMER - treats the motions of two materials with liquid, vapor 
and solid of each material interpenetrating with slip. Further­
more, the SIMMER models treat the Interphase and intermaterlal 
momentimi, mass and energy transfer mechanistically. 

This is the ultimate code - when the basic material 
distribution functions and properties are known, SIMMER should 
be able (at fairly large cost) to deterministlcally follow 
nearly any motions. The basic problem will be the gathering 
of proper input data. 

d. FX2-VENUS III - has capabilities between FX2-P0OL and SIMMER. 
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5. Regions of Needed Research 

a. Determination experimentally and development of analytical 
tools to follow accident initiation farther than SAS. (The 
transition to a boiling pool - perhaps by adaptation of 
TRANSIT and SIMMER) 

b. Experiments to determine basic fuel/steel thermohydraulic 
behavior including: 

1. basic material size and distribution functions 
ii. pool hydrodynamic behavior 
ill. crust formation and stability studies with systems that 

simulate the fuel/steel situation 
Iv. potential modes of recompaction. 

c. In-plle experiments with real materials. 

6. Summary 

There appears to be a growing opinion that above and below core 
plugging is very likely, and will cause a boiling pool of fuel and steel. 
Many investigators are of the opinion that incoherencies make the likelihood 
of format}.on of a whole core pool small. Phenomenologic modelers have 
conflicting views regarding boiling fuel/steel pool behavior. The computer 
analysts have adequate models under development, but seriously lack use­
ful basic experimental data. Most investigators feel there is a low proba­
bility for significant energetics after initiation, but few feel the 
probability is zero, and there is currently no mechanistic method for 
bounding these low probability high energetics phenomena. 

MONTE CARLO ANALYSIS AND CRITICALS PROGRAM 
PLANNING FOR SAFETY-RELATED CRITICALS 

(A2018) 

VI. MONTE CARLO ANALYSIS OF SAFETY-RELATED CRITICALS 
(E. M. Gelbard) 

Monte Carlo c a l c u l a t i o n s i n support of t h e p r eana ly s i s of fu tu re DEMO 
s a f e t y - r e l a t e d c r i t i c a l s have y ie lded the following r e s u l t s for R-Z model 
eigenvalue c a l c u l a t i o n s : 

Reference Core 

Final Phase 
Damaged Core 

Diffusion 
Theory 

1.0 

1.0 

Monte Carlo 

0.998 ± 0.002 (60 K Histories) 

1.013 ± 0.003 (100 K 
H i s t o r i e s ) 
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There is good agreement between the Monte Carlo and diffusion calcu­
lations for the reference (undamaged) core. The 1% eigenvalue difference 
in the results for the damage core is statistically significant and has 
prompted further R-Z model studies using diffusion, transport and Monte 
Carlo calculations. 

It is expected that TWOTRAN will play an important role in the analysis 
of the final phase damaged core. In order to gain experience with TWOTRAN 
it was decided that TWOTRAN should be used, initially, to calculate the 
reference core. The TWOTRAN eigenvalue turned out to be higher than the 
diffusion theory and Monte Carlo eigenvalues by about 1%. Cross sections 
in TWOTRAN have been carefully checked, and seem to be identical with those 
used in the diffusion calculation. The discrepancy is still under investi­
gation. 

VII. PLANNING OF DEMO SAFETY RELATED EXPERIMENTS 

The previous quarterly report discussed the results of core design scoping 
calculations for a ntnnber of alternate reactor compositions. One design was 
selected for use as the reference design for additional program planning. This 
reference design is based on Composition No. 3 with an H/D ratio of 1.0. A 
number of basic physics parameters, including fissile loadings, central-core 
real and adjoint spectra, and central-core reaction rates and ratios, have 
previously been reported for this design. Additional calculated results for 
this reference design are presented at this time. The material inventory 
requirements for the reference program are also reviewed. 

A. Analysis for Reference Design 

Central and axial traverse material worths and Doppler reactivity effects 
have been calculated for two possible configurations in a meltdown sequence 
for this core. These configurations. Step 1 and Step 5, correspond to the 
reference and 37-drawer slump-zone configurations as shown in Fig. 3. The 
reactivity worths at core center for ^^^V, ^^^U, 239pu^ '̂tOpu, sodium, and 
Iron are listed in Table III. The central reactivity worths of these 
materials in the Step 5 configuration increase (as compared to the Reference 
Step 1) due to the smaller core volume and fissile mass (381.97 liters and 
227.79 kg as compared to 618.64 liters and 368.93 kg) and to the higher densi­
ty of fissile material at the core center. Also listed in Table I are the 
ratios of these central worths in the two configurations. The significant 
variation in this ratio indicates the strong spectral shifts which occur 
between the two cores. The fission-source component of the worths of the 
threshold elements, 238u and ^''°Fu, are increased in the much harder spectrum 
of the Step 5 configuration. These shifts in the real and adjoint spectra 
are shown in Table IV. 

The reactivity worths of these materials as a function of axial position 
are listed in Tables V-X and are shown graphically in Figs. 4-9. The 
differences in the worth profiles can be physically interpreted as follows. 
The positive fission production and negative absorption and downscatterlng 
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86.18 

46.18 

0.00 
86.18 

86.18 

63.09 

23.09 

0.00 -R 
18.a6 46 .18 86.18 

STEP 4 . 

86.18 

46.18 

0.00 
18.96 46.18 

STEP 2 . 

86.18 

46.18 

23.09 

0.00 
18.96 46.18 

STEP 3 . 

86.18 

86.18 
R 

86.18 

63.09 

23.09 

0.00 
18.96 36.28 

STEP 5, 

79.42 

I Normal Core (Conpos l t lon 3) 

1 \ \ \ ] Na-Voided Core 

\ / \ Normal Blanket 

^'yX Na-Voided Blanket 

I I I I Empty Drawer and Ma t r i x 

Slumped Fuel (Composit ion 3C) 

F i g . 3 . Two-Dimensional (R-Z) Models f o r HCDA Sequence 
37 Drawer Slump Zone. ANL Neg. No. 1 1 6 - 7 6 - 8 1 . 
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TABLE III. Central Material Worths for the Step 1 (Reference) and 

the Step 5 (Sliomped Fuel) Configurations 

Step 5 
Step 1 

3.276358~'7 

3.134335-3 

979.0896 

342.42 
-22.506 
470.03 
80.086 
-20.959 
-12.233 

Step 5 

2.119566-7 

3.293866-3 

958.5312 

757.98 
-34.446 
1130.3 
286.60 
-56.430 
-34.045 

Step 1 

2.2136 
1.5305 
2.4047 
3.5787 
2.6924 
2.7830 

Prompt Neutron Lifetime, sec 

êff 

Reactivity Conversion Factor, Ih/%p 

Material Worths, Ih/kg 

235 
238 
239 
240 
Na 
Fe 

U 
U 
Pu 
Pu 



TABLE IV. Comparison of Real and Adjoint Spectra at Core Center for the Step 1 (Reference) 
and the Step 5 (Slumped Fuel) Configurations 

Group, 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Normalized Broad Group 

Step 1 
Reference 

Configuration 

3.2752E-3 
1.3556E-2 
3.4363E-2 
5.2546E-2 
6.8241E-2 
1.1651E-1 
1.0899E-1 
1.2078E-1 
1.2018E-1 
9.5125E-2 
7.4869E-2 
5.2606E-2 
5.3339E-2 
3.4432E-2 
1.6919E-2 
1.0917E-2 
3.8238E-3 
1.0040E-2 
5.4998E-3 
2.6289E-3 
9.2397E-'* 
4.1619E-'* 
1.4798E-5 
2.6126E-'^ 
1.1992E-8 
1.3983E-8 
6.9520E-^ 

Real Fluxes, ij). 
' 1 

Step 5 
Slumped 

Configuration 

4.4860E-3 
1.8225E-2 
4.4961E-2 
6.1811E-2 
8.0940E-2 
1.4611E-1 
1.1072E-1 
1.2686E-1 
1.1615E-1 
8.8176E-2 
6.8340E-2 
4.2973E-2 
4.0591E-2 
2.3166E~2 
1.0630E-2 
8.2596E-3 
4.0688E-3 
2.2157E-3 
8.5382E-'* 
3.2844E"'* 
9.7981E-5 
2.9938E-5 
6.8668E-7 
8.4396E-S 
1.1278E-8 
1.4968E-8 
5.1624E-5 

(t)̂ (Step 5) 

(|)̂ (Step 1) 

1.3697 
1.3444 
1.3084 
1.1763 
1.1861 
1.2541 
1.0159 
1.0504 
0.9664 
0.9269 
0.9128 
0.8169 
0.7610 
0.6728 
0.6283 
0.7566 
1.0641 
0.2207 
0.1552 
0.1249 
0.1060 
0.0719 
0.0464 
0.3230 
0.9404 
1.0705 
0.7426 

Normalized Broad Group 
Adj< 

Step 1 
Reference 
Configuration 

7.2132E-2 
6.5362E-2 
6.6238E-2 
6.2842E-2 
5.8460E-2 
5.7481E-2 
5.7087E"2 
5.5787E-2 
5.4826E-2 
5.3595E-2 
5.1722E-2 
5.0344E-2 
4.9551E-2 
5.0679E-2 
5.2100E-2 
5.3244E-2 
5.4540E-2 
5.5647E-2 
5.7133E-2 
6.4920E-2 
6.7110E-2 
7.2859E-2 
1.0465E-1 
4.1944E-2 
8.2317E-2 
9.2829E-2 

Dint Fluxes, (|i*. 

Step 5 
Slumped 
Configuration 

7.4131E-2 
6.4486E-2 
6.5238E-2 
6.1347E-2 
5.6163E-2 
5.4568E-2 
5.5645E-2 
5.4276E-2 
5.3659E-2 
5.2563E"2 

5.0382E-2 
4.8549E-2 
4.6930E-2 
4.8079E-2 
4.9622E-2 
5.0669E-2 
5.3101E-2 
5.4851E-2 
5.6871E-2 
6.4089E-2 
6.7628E-2 
7.3421E-2 
1.0133E-^ 
5.5216E-2 
8.0731E-2 
9.7875E-2 

<l)*(Step 5) 

(|)*(Step 1) 

1.0277 
0.9866 
0.9849 
0.9762 
0.9607 
0.9493 
0.9747 
0.9729 
0.9787 
0.9808 
0.9741 
0.9643 
0.9471 
0.9487 
0.9524 
0.9516 
0.9736 
0.9857 
0.9954 
0.9872 
1.0077 
1.0077 
0.9683 
1.3164 
0.9807 
1.0544 

N) 
0^ 
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TABLE V. ^̂ Û Axial Reactivity Worth 

HEIGHT ABOVE 
MIDPLANE 

0.88B0 
2.6640 
4.4400 
6.2160 
7.9920 
9.7680 
11.5440 
13.3200 
15.0960 
16.8720 
18.6480 
20.4240 
22.2000 
24.3707 
26.9361 
29.5015 
32.0669 
34.6323 
37.1977 
39.7631 
42.3285 
44.8939 
47.5859 
50.4045 
53.2231 
56.0417 
58.8603 
61.6789 
64.0502 
65.9742 
67.8982 
69.8222 
71.7462 
73.6702 
75.5942 
77.5182 
79.4422 
81.3662 
83.2902 
85.2142 

Traverse, Ih/kg 

STFP 1. 
(REFERENCE) 

342.4199 
341.0527 
338.3308 
334.2793 
328.9360 
322.3506 
314.5613 
305.6555 
295.6960 
284.7834 
273.0178 
260.4871 
247.3041 
230.6090 
210.0379 
189.0655 
168.1056 
147.5722 
127.8792 
109.4693 
92.7942 
78.4171 
66.7242 
55.4214 
45.2237 
36.2063 
28.3981 
21.7752 
17.0815 
13.8064 
10.9770 
8.5586 
6.5140 
4.8085 
3.4099 
2.2899 
1.4239 
0.7921 
0.3794 
0.1755 

STEP 5. 
(SLUMPED) 

757.9824 
748.9319 
731.0273 
704.6741 
670.4492 
629.1384 
581.7246 
529.3740 
473.4258 
415.4263 
357.0586 
300.2014 
241.4899 
189.4588 
154.1409 
127.3210 
104.9195 
86.0387 
70.0720 
56.5650 
45.1641 
35.8410 
28.1732 
21.2828 
15.2127 
10.3827 
6.6408 
3.8818 
2.7134 
2.4634 
2.2320 
2.0179 
1.8210 
1.6428 
1.4850 
1.3498 
1.2391 
1.1544 
1.0973 
1.0685 
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TABLE VI. 2 3 By ^^^^ Reactivity Worth 
T: 

HFIGHT ABOVE 
riTD PLANE 

0.8880 
2.6640 
4.4400 
6.2160 
7.9920 
9.7680 
11.5440 
13.3200 
15.0960 
16.87 20 
18.6480 
20.4240 
22.2000 
24.1707 
26.9361 
29,5015 
32.0669 
34.6323 
37.1977 
39.7631 
42.3285 
44.8939 
47.5859 
50.4045 
53.2231 
56.0417 
58.8603 
61.6789 
64.0502 
65.9742 
67.8982 
69.8222 
71.7462 
73.6702 
75.5942 
77.5182 
79.4422 
81.3662 
83.2<'02 
85.2142 

reverse, Ih/kg 

STEP 1. 
(REFERENCE) 

-22.5062 
-22. 3935 
-22.166^ 
-21.8313 
-21.3879 
-20.8405 
-20.1939 
-19.4546 
-18.6297 
-17.7243 
-16 .7484 
-15.7093 
-14. 6169 
-13.2310 
-11.5268 
-9.7911 
-8.0568 
-6.3570 
-4.7244 
-3.1892 
-1.7771 
-0.5064 
0.0545 
0.0239 
0.0425 
0.0738 
0.1024 
0.1238 
0.1283 
0.1357 
0.1407 
0.1438 
0.1456 
0.1464 
0.1467 
0.1467 
0. 1464 
0.1462 
0.1459 
0.1458 

STEP 5. 
(SLUMPED) 

-34.4463 
-33.7624 
-32.4032 
-30.3892 
-27.7520 
-24.5304 
-20.7728 
-16.5387 
-11.8968 
-6.9 271 
-1.7213 
3.6171 
3.4250 

-2.2416 
-4.8218 
-4.2922 
-3.6499 
-2.9995 
-2.3941 
-1.8575 
-1.3974 
-0.7462 
0.2624 
0.8718 
0.8721 
0.8799 
0.«951 
0.9168 
0.9334 
0.9546 
0.9770 
0.9977 
1.0150 
1.0283 
1.0376 
1.0436 
1.0471 
1.0488 
1.0496 
1.0499 
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TABLE VII. ^^^Pu Axial Reactivity 
Worth Traverses, Ih/kg 

HEIGHT ABOVE 
MIDPLANE 

0.8880 
2.6640 
4.4400 
6.2160 
7.9920 
9.7680 
11.5440 
13.3200 
15.0960 
16.8720 
18.6480 
20.4240 
22.2000 
24.3707 
26.9361 
29.5015 
32.0669 
34.6323 
37.1977 
39.7631 
42.3285 
44.8939 
47.5859 
50.4045 
53.2231 
56.0417 
58.8603 
61.6789 
64.0502 
65.9742 
67.8982 
69.8222 
71.7462 
73.6702 
75.5942 
77.5182 
79.4422 
81.3662 
83.2902 
85.2142 

STEP 1. 
(REFERENCE) 

470.0283 
468.1414 
464.3672 
458.7434 
451 .3191 
442.1677 
431.3516 
418.9690 
405.1189 
389.9246 
373.5215 
356.0454 
337.6321 
314.2852 
285.4258 
255,9128 
226.3009 
197.1330 
168.9518 
142.3368 
117.8457 
96,1134 
77.6482 
61.8137 
48.6493 
37.7752 
28.8743 
21.6669 
16.7459 
13.3889 
10.5451 
8.1548 
6.1636 
4.5236 
3.1933 
2.1376 
1. 3274 
0,7396 
0.3573 
0,1689 

STEP 5. 
(SLUMPED) 

1130.2727 
1116.3875 
1088.9185 
1048.4209 
995,7776 
932,1216 
858,8911 
777.7761 
690,7813 
600,1758 
508,4839 
418,5183 
327.8528 
249.1164 
197.1971 
158.3782 
127.2266 
101.9697 
81.3323 
64.4090 
50,5163 
39.3875 
30.5141 
22.6368 
15,9260 
10,6942 
6,7179 
3,8413 
2,6481 
2,4002 
2.1720 
1,9618 
1.7696 
1.5962 
1.4432 
1.3125 
1.2055 
1.1240 
1.0690 
1,0413 
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TABLE VIII. 2'*''Pu Axial Reactivity 
Worth Traverse, Ih/kg 

HEIGHT ABOVE 
MIDPLANE 

0,8880 
2.6640 
4.4400 
6.2160 
7.9920 
9.7680 
11.5440 
13.3200 
15,0960 
16,8720 
18.6480 
20.4240 
22,2000 
24.3707 
26,9361 
29,5015 
32.0669 
34,6323 
37,1977 
39,7631 
42,3285 
44,89?9 
47,5859 
50,4045 
53.2231 
56.0417 
58.8603 
61.6789 
64.0502 
65.9742 
67.89=>2 
69.8222 
71.7462 
73.6702 
75.5<142 
77.5182 
79.4422 
81.3662 
83.2902 
85.2142 

STEP 1. 
(REFERENCE) 

80.0864 
79.7769 
79.1604 
78,2417 
77,0283 
75,5275 
73.7540 
71,7178 
69,4359 
66.9243 
64.2027 
61.2908 
53,2094 
54,2805 
49,3716 
44.2883 
39, 1055 
33.8981 
28.7436 
23.7192 
18,9123 
14.4430 
10,1174 
6.9150 
4.7834 
3.3443 
2,358^ 
1.6734 
1.2542 
0,9950 
0.7896 
0.6267 
0.4975 
0.3957 
0.3160 
0.2546 
0,2087 
0.1760 
0,1550 
0.1447 

STEP 5. 
(SLnMPED) 

286.6023 
283.1394 
276,2739 
266,1257 
252.9114 
236.8715 
218,3426 
197,7095 
175.4412 
152.0667 
128.2352 
104.6755 
76,8618 
48.8725 
32,840^' 
23,6559 
17,2147 
12,6227 
9.2998 
6.8642 
5,0614 
3.9778 
3.5^94 
3.1017 
2.3212 
1.7607 
1.3706 
1.1166 
1.0265 
1.0275 
1.0316 
1.0359 
1,0386 
1.0391 
1,0375 
1.0345 
1,0307 
1.0271 
1,0243 
1.022^ 



31 

TABLE IX. Sodium Axial R e a c t i v i t y 
Worth Trave r se , Ih /kg 

HEIGHT ABOVE 
MIDPLANE 

0.8880 
2.6640 
4.4400 
6.2160 
7.9920 
9.7680 
11.5440 
13.3200 
15.0960 
16.8720 
18,6480 
20,4240 
22.2000 
24.3707 
26.9361 
29.5015 
32.0669 
34,6323 
37,1977 
39.7631 
42.3285 
44,8939 
47,5859 
50.4045 
53.2231 
56.0417 
58.8603 
61.6789 
64.0502 
65.9742 
67.8982 
69.8222 
71.7462 
73,6702 
75,5942 
77.5182 
79.4422 
81.3662 
83.2902 
85.2142 

STEP 1, 
(REFERENCE) 

-20.9591 
-20.7719 
-20.4013 
-19.8486 
-19.1189 
-18.2187 
-17.1556 
-15.9386 
-14.5768 
-13.0841 
-11,4724 
-9,7554 
-7,9488 
-5,6426 
-2.8169 
0.0655 
2.9460 
5.7622 
8.4458 
10.9179 
13.0764 
14.7640 
13.2149 
9.6055 
6.9014 
4.9300 
3,5254 
2.5438 
1,9352 
1,5859 
1.3201 
1. 1193 
0.9685 
0.8562 
0.7733 
0.7131 
0.6703 
0.6411 
0,6231 
0.6144 

STEP 5. 
(SLUMPED) 

-56.4304 
-54.3638 
-50,2482 
-44.1163 
-36,0195 
-26,0243 
-14,2162 
-0,6995 
14,4020 
30,9472 
48,8144 
68,0025 
61,1913 
25,7154 
4,9407 
1,4534 

-0,2582 
-0,9735 
-1. 1371 
-1,0099 
-0,7455 
0,8245 
4,3010 
6.0910 
5.3614 
4.8661 
4.5592 
4.4013 
4.3679 
4.4282 
4.4963 
4.5599 
4.6115 
4.6483 
4,6709 
4,6819 
4.6850 
4.6836 
4,6808 
4.6788 
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TABLE X. Iron Axial Reactivity 
Worth Traverse, Ih/kg 

IGHT ABOVE 
MTDPLANF 

0.8880 
2.6640 
4.4400 
6.2160 
7,9920 
9.7680 
11.5440 
13.3200 
15,0960 
16.8720 
18,6480 
20.4240 
22.2000 
24,3707 
26,9361 
29,5015 
32,0669 
34,6323 
37.1977 
39.7631 
42.3285 
44.8939 
47,5859 
50,4045 
53.2231 
56.0417 
58.8603 
61.6789 
64.0502 
65.9742 
67.8982 
69.8222 
71.7462 
73,6702 
75,5942 
77.5182 
79,4422 
81,3662 
83,2902 
85,2142 

STEP 1. 
(REFERENCE) 

-12.2331 
-12.1470 
-11,9755 
-11,7200 
-11,3832 
-10,9672 
-10,4757 
-9,9130 
-9,2832 
-8.5922 
-7,8457 
-7,0496 
-6.2108 
-5. 1395 
-3.8199 
-2,4666 
-1,1026 
0,2482 
1.5617 
2,8113 
3,9632 
4,9590 
4,7623 
3,6147 
2.7126 
2.0200 
1.4985 
1.1126 
0.8605 
0,7083 
0.5875 
0,4923 
0,4177 
0,3599 
0. 3155 
0.2821 
0.2575 
0.2403 
0. 2294 
0.2242 

STEP 5, 
(SLUMPED) 

-34.0451 
-33.1520 
-31.3731 
-28.7258 
-25.2325 
-20,9252 
-15,8406 
-10.0246 
-3.5334 
3,5b11 
11,1596 
19.1178 
17,7503 
6.9323 
1,0347 
0,4305 
0.1394 
0,0276 
0.0132 
0,0469 
0.0997 
0,577a 
1,7545 
2.3153 
1.9974 
1,7687 
1.6142 
1,520^ 
1.4925 
1, 5102 
1,5306 
1. 5494 
1,5642 
1.5741 
1.5794 
1.5P11 
1,5803 
1,5786 
1.5767 
1.5756 
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HCDA SEQUENCE FOR UNIT CELL #3 
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Step 1. Reference Config. 
Step 5. Slumped Config. 
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Fig. 4. 3̂5u Axial Reactivity Worth Traverse, 
ANL Neg. No. 116-76-79. 
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HCDA SEQUENCE FOR UNIT CELL #3 
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Step 1. Reference Config. 
Step 5. Slumped Config. 
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HEIGHT ABOVE MIDPLANE, CM 
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Fig. 5. 238 'U Axial Reactivity Worth Traverse. 
ANL Neg. No. 116-76-80. 
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HCDA SEQUENCE FOR UNIT CELL #3 
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Step 1. Reference Config. 
Step 5. Slumped Config. 
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HEIGHT ABOVE MIDPLANE, CM 
Fig. 6. 239pu Axial Reac t iv i ty Worth Traverse, 

ANL Neg. No. 116-76-77. 
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HCDA SEQUENCE FOR UNIT CELL #3 
o 

step 1. Reference Config. 
Step 5. Slumped Config. 
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150 300 450 600 75-0 
HEIGHT ABOVE MIDPLANE, CM 

Fig. 7. 240p^ Axial Reactivity Worth Traverse. 
ANL Neg. No. 116-76-85. 
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HCDA SEQUENCE FOR UNIT CELL #3 
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Step i. Reference Config. 
Step 5. Slumped Config. 
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Fig. 8. Sodium Axial Reactivity Worth Traverse. 
ANL Neg. No. 116-76-84. 
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HCDA SEQUENCE FOR UNIT CELL #3 
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Step 1. 
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00 150 300 450 60O 7 3 ^ 
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Fig. 9. Iron Axial Reactivity Worth Traverse 
ANL Neg. No. 116-76-83. 
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worth components of ^^^V, ^^^Pu, and 2^0p^ follow the same trend as the flux 
profiles in the two configurations. The positive leakage component of ^38^ 
increases due to the strong flux and adjoint gradients as the core/axlal-
blanket Interface is approached. It should be noted the core/axlal-blanket 
interface is 46.18 cm in Step 1 and 23.09 cm in Step 5. This positive 
effect of 2 38u ^^ ^.j^^ core boundary is the result of neutron reflection 
back toward the core. A similar effect is produced for the scattering 
materials, sodium and iron. Their small negative worth at the core center, 
which is the sum of capture and downscatterlng components, is overpowered 
by the leakage component at the core-blanket interface where these materials 
act as reflectors. The physical interpretation of the axial worth curves 
for positions deeper into the collapsed blanket and completely outside of 
this blanket require further examination. 

Doppler reactivity effects have been calculated for these two configura­
tions. The full core isothermal Doppler reactivity effect was calculated 
by eigenvalue difference upon replacing the cross sections from the base 
broad group set (T = 300°K) with cross sections from a high temperature 
broad group set (T = 3000°K) for all the heavy resonance absorber materials 
(239pu^ 240pu^ 241pu^ 2̂ 2p̂ ,̂  2̂ +1̂ 10, 235u, and 238u). The results are 

summarized in Table XI. The sharp decrease (-36% relative to the reference 
configuration) in the Doppler reactivity effect in the Step 5 configuration 
is predominantly due to the much harder spectrum. In both configurations 
the Doppler effect is primarily the 2 3 8^ component with a small net positive 
contribution from the remaining heavy elements. 

B. Material Inventory Requirements for Reference Design 

In general, this reference design uses the same materials that are 
available and are being used in the current ZPR/ZPPR programs. The mass 
requirements are listed in Table XII by the mass of each isotope required 
for the reference design. The material requirements are tabulated by actual 
material plate type for each core region. In addition, the total requirements 
and the total available Inventory are listed. In the column under "Material", 
1/4-Na refers to 1/4-inch-thick sodium plates. These plates come in various 
lengths. The requirements, however, are listed as total linear Inches. Based 
on the proposed core design, there are no inventory requirements beyond the^ 
current ZPR/ZPPR materials inventory. This takes into account the possibility 
of a relatively large critical-assembly program on ZPPR in parallel with the 
safety-related criticals program on ZPR-9. The requirement for depleted 
uranium, sodium, uranium oxide and iron oxide represent only a small fraction 
of the available inventory. There are two columns of plutonlum alloy plates 
in the core unit cell. One column contains 1/4-inch DOW plates and the other 
contains 1/4-lnch SEFOR plates. The DOW plates offer no inventory problems. 
There is a limited quantity of the SEFOR plates, and it is planned to use 
about 92% of the available inventory. It appears that the entire inventory 
of the SEFOR plates can be made available for this program, however. The 
requirements for sodium-void cans (VDC) are listed in Table XIII. These 
are needed to simulate sodium voiding in the meltdown sequence steps. The 
supply of sodium void cans is more than adequate also. 

Work on development of the Initial program plan listing specific configura­
tions and measurements is in progress and will be included in the next quarterly. 



40 

TABLE XI, Isothermal Doppler Reactivity Effect (300-3000°K) for 
the Step 1 (Reference) and Step 5 (Slumped Fuel) Configurations 

Configuration 6k Doppler 

Step 1, Reference Core, T = 300°K 1.00000 

Step 1. Reference Core, T = 3000°K 0.99277 -0.00723 
for all heavy resonance 
absorbers throughout core 

Step 1. Reference Core, T = 3000°K 0.99223 -0.00777 
for 2 38^ only throughout core 

Step 5. Slumped Fuel Configuration, T = 300°K 1.00000 

Step 5. Slumped Fuel Configuration, T = 3000°K 0.99538 -0.00462 
for all heavy resonance absorbers 
throughout core 

Step 5. Slumped Fuel Configuration, T = 3000°K 0.99468 -0.00532 
for 2 38u only throughout core 

Step 5. Slumped Fuel Configuration, T = 3000°K 0.99720 -0.00280 
for 2 3 8^ only in slumped fuel region 
only 

TABLE XII. Sodium-Void Can Requirements and Material Inventor̂ ', 
Linear Inches 

Material 

1/4-VDC 

1/2-VDC 

50 

Core 

1800 

900 

Drawer Case 

Axial 
Blanket 

1600 

Total 

1800 

2500 

74 

Core 

2664 

1332 

Drawer Case 

Axial 
Blanket 

2368 

Total 

2664 

3700 

Inventory-

37964 

36427 



TABLE XIII. Material Requirements and Material Inventory, Linear Inches 

Material 

1/4-Na 

1/2-Na 

l/8-Fe203 

I/4-U3O8 

1/8-SST 

1/8-DU 

1/4-Pu/DU/Mo 

1/4-SEFOR 

Core 
(440 Drawers) 

15840 

7920 

31680 

-

-

-

7920 

7920 

Blanket 

Axial 
(440 Drawers) 

-

14080 

-

21120 

7040 

7040 

-

-

Radial 
(1090 Drawers) 

-

74120 

-

111180 

37060 

37060 

-

-

Total 

15840 

96120 

31680 

132300 

44100 

44100 

7920 

7920 

Invent 

268357 
45035 
38904 

340777 
86012 

139596 
147147 

499829 

174527 

915456 

23546 
68589 

8576 

:ory^ 

(h) 
(m) 

(h) 
(m) 

(h) 
a) 

(DOW) 
(NUMEC) 

The letters h, m, and I stand for heavy, medium, and light variations of the material 
type. 
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